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SYSTEMS, DEVICES AND METHODS FOR
DRIVING MACHINERY

CROSS-REFERENCES TO RELATED
APPLICATIONS

This application claims priority to, and incorporates by

reference herein 1n 1ts entirety, pending U.S. Provisional
Patent Application Ser. No. 60/685,792, filed 31 May 2005.

BRIEF DESCRIPTION OF THE DRAWINGS

A wide variety of potential practical and useful embodi-
ments will be more readily understood through the following,
detailed description of certain exemplary embodiments, with
reference to the accompanying exemplary drawings 1n which:

FIG. 1 1s a perspective view of an exemplary embodiment
of a system 1000;

FIG. 2 1s a perspective view of an exemplary embodiment
of a system 2000;

FIG. 3 1s a cut-away perspective view of an exemplary
embodiment of a system 3000; and

FI1G. 4 15 a perspective view of an exemplary embodiment
of a system 4000.

DEFINITIONS

When the following terms are used substantively herein,
the accompanying definitions apply. These terms and defini-
tions are presented without prejudice, and, consistent with the
application, the right to redefine these terms during the pros-
ecution of this application or any application claiming prior-
ity hereto 1s reserved. For the purpose of interpreting a claim
ol any patent that claims priority hereto, each definition (or
redefined term 11 an original definition was amended during,
the prosecution of that patent), functions as a clear and unam-
biguous disavowal of the subject matter outside of that defi-
nition.

about—around.

actively—wvia converting and/or amplifying voltages and/

or currents, such as via a diode and/or transistor.

adapted—suitable, fit, and/or capable of performing a

specified function.

adjust—to change so as to match, {it, adapt, conform, and/

or be 1n a more effective state.

adjust—to change, modity, adapt, and/or alter.

approximately—about and/or nearly the same as.

approximately—nearly the same as.

at least—not less than.

baiile—a usually static, but potentially movable, device

that regulates the flow of a flud.

bearing—a device that supports, guides, and reduces the

friction of motion between fixed and moving machine
parts.

bound—+to limit an extent.

channel—a defined passage, conduit, and/or groove for

conveying one or more fluds.

circuit—a communications connection established across

two or more switching devices comprised by a network
and between corresponding end systems connected to,
but not comprised by the network. The sequence of links
spanned by the circuit 1s called 1ts service (or working)
route (or path). If there 1s a failure in the network atiect-
ing one or more of the links or switches 1n the service
route of the circuit, then the circuit fails as well. In this
case, the circuit can be re-routed on a new restoration
route that avoids the failed portions of the network.
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When the failure 1s repaired, the circuit can be reverted
back to its original service route.

circuit—an electrically conducting pathway.

circulate—to repeatedly move 1n or flow through a closed
path.

commutate—to reverse the direction of (an alternating
clectric current) each half-cycle to produce a unidirec-
tional current.

compressor—a machine that decreases the volume of air
and/or other gas by the application of pressure.

comprised—included; a part of.

comprises—includes, but 1s not limited to, what follows.

comprising—including but not limited to, what follows.

conduct—to act as a medium for conveying something,
such as heat and/or electricity.

control—to exercise authoritative and/or dominating influ-
ence over;, cause to act i a predetermined manner;
direct; adjust to a requirement; and/or regulate.

coolant—a material adapted to transier heat from a body.

damping—an elfect, either deliberately engendered and/or
inherent to a system, that tends to reduce the amplitude
of oscillations.

define—to establish the meaning, relationship, outline,
form, and/or structure of.

directly—without anything intervening.,

clectric motor—a motion-imparting device powered by
clectricity.

clectronic—digitally processed, stored, and/or transmit-
ted.

clectronic circuit board—a thin substantially planar board
to which electronic components are fixed, typically by
solder. Component leads and integrated circuit pins can
pass through holes (““vias™) in the board and/or they can
be surtace mounted, in which case no holes are required
(although they can still be used to interconnect different
layers of the board).

energy—usable power.

fan—a device for creating a flow of a vapor via the rota-
tional movement of typically thin, rigid vanes.

flow—a continuous transfer.

from—used to indicate a source.

turther—in addition.

generate—to create, produce, render, give rise to, and/or
bring 1nto existence.

greater—Ilarger and/or more than.

guide—to direct, steer, and/or exert control and/or influ-
ence over.

heat—energy associated with the motion of atoms and/or
molecules and capable of being transmitted through
solid and fluid media by conduction, through tluid media
by convection, and through a tluid and/or empty space
by radiation.

heat exchanger—a device used to transier heat from a first
fluid on one side of a barrier to a second fluid on the other
side without bringing the first fluid and the second fluid
into direct contact with each other.

housing—something that covers, encloses, protects, holds,
and/or supports, such as a frame, box, and/or chassis.

impeller—a rotating device used to force a flmd and/or
material motion in a desired direction.

in part—partially.
inner—closer than another to the center and/or middle.

levitate—to rise, suspend, and/or float, and/or to cause to
rise, suspend, and/or tloat, as 11 lighter than a surround-
ing medium.
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liguid—a body of matter that exhibits a characteristic
readiness to flow, little or no tendency to disperse, and
relatively high incompressibility.

longitudinal axis—a straight line defined parallel to an
object’s length and passing through a centroid of the
object.

machine—a device and/or vehicle adapted to perform at
least one task.

magnetic—having the property of attracting 1ron and cer-
tain other materials by virtue of a surrounding field of
force.

mechanically coupled—at least a first object and a second
object joined, connected, and/or linked so as to allow the
first object to move physically in concert with the second
object.

motor—an electric, hydraulic, and/or pneumatic device
that produces or imparts linear and/or angular motion.

multiple—more than one.

non—not.

not—a negation of something.

operating—flunctioning.

outer—Iiarther than another from the center and/or middle.

positioned—to put 1n place or position.

pump—a machine adapted to raise, compress, and/or
transter a fluid.

remove—1to eliminate, remove, and/or delete, and/or to
move from a place or position occupied.

rotate—to turn about an axis.

rotation—an act and/or process of turning around a center
and/or an axis.

rotational—about and/or around an axis.

said—when used 1n a system or device claim, an article
indicating a subsequent claim term that has been previ-
ously introduced.

shaft—a long, generally cylindrical bar that 1s adapted to
rotate about a longitudinal axis and to transmit power.

stator—a stationary part in or about which another part (the
rotor) revolves.

stiffness—the resistance of an elastic body to detlection by
an applied force.

substantially—to a considerable, large, and/or great, but
not necessarilly whole and/or entire, extent and/or
degree.

support—to bear the weight of, especially from below.

surround—to encircle, enclose, and/or confine on several
and/or all sides.

system—a collection of mechanisms, devices, data, and/or
instructions, the collection designed to perform one or
more specific functions.

turbine—any of various machines 1n which the kinetic
energy of a moving fluid 1s converted to mechanical
power by the impulse or reaction of the fluid with a series
of buckets, paddles, and/or blades arrayed about the
circumierence of a wheel and/or cylinder.

wall—a partition, structure, and/or mass that serves to

enclose, divide, separate, segregate, define, and/or pro-

tect a volume and/or to support a floor, ceiling, and/or

another wall.

hen—at a time.

herein—in regard to which; and; and/or in addition to.

g =

DETAILED DESCRIPTION

Certain exemplary embodiments relate to a magnetically-
supported, oil-free, electric drive train for rotating machinery.
The electronics for the magnetic bearings and the electric
motor can be mechanically and/or thermally integrated with
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4

the rotating machine, potentially reducing the size, the
amount of electric wiring, and/or the complexity of the drive
train.

Electric drive trains can provide the torque to spin com-
pressors, pumps, and/or spindles, where rotational speeds
between 20,000 and 100,000 rpm can occur. Typically, an
clectric motor spins at some speed less than 3,600 rpm, and a
gear box increases this rotational speed to the higher speed
required by the machine. However, the gear box can:

require o1l lubrication;

be large and expensive;

require maintenance; and/or

limait the life of the machine.

By mounting a high speed electric motor on the same shait
as the rotating machine, the machine can be directly driven
without the need for a gear box. The shaft can be supported
and/or positioned on active magnetic bearings, which can
olfer:

elimination of o1l lubrication;

low {rictional losses; and/or

long life due to the elimination of mechanical wear.

Although 1t can be possible to use passive magnetic bear-
ings to support the rotating shaft, passive bearings can offer
low stifiness and/or damping, and therefore are not broadly
used. Active magnetic bearings can achieve high stifiness
and/or damping through electronic feedback, in which elec-
tronic components sense the position of the shait, process
these position signals, and control the electrical currents of
clectromagnets 1n the magnetic bearing. The additional elec-
tronics used for active control are typically located 1n a sepa-
rate enclosure that 1s neither mechanically nor thermally inte-
grated with the machine.

In certain exemplary embodiments, the electronics for the
magnetic bearings and/or electric motor can be mechanically
and/or thermally integrated into the machine. This can offer
any of the following benefits:

no need for an external enclosure for the control electron-

1CS:

no need for cabling between the machine and the control

electronics;

the motor, machine, and/or control electronics can share

the same heat sink, simplifying the thermal design; and/
or

packaging of the electric drive train can be improved,

reducing the overall size and weight.

FIG. 1 1s a perspective view of an exemplary embodiment
of a system 1000, which can be a compressor assembly,
comprising a compressor 1100 and a motor 1200, and defin-
ing a longitudinal axis X-X. Covering control electronic cir-
cuit boards of motor 1200 can be a control electronics cover
1220.

FIG. 2 15 a perspective view of an exemplary embodiment
of a system 2000, which can be a compressor assembly,
comprising a compressor 2100 and a motor 2200. A control
clectronics cover has been removed to show control elec-
tronic circuit boards 2240, which can be located and/or
mounted on and/or to the housing of motor 2200. By mount-
ing these electronics adjacent the housing, the electronics can
be accessible yet the external wiring can be eliminated.

Tubing 2260 can guard electrical conductors that connect
the control electronics 2240 to other components of motor
2200. For example, tubing 2260 can be used to pass the
clectrical wires for the magnetic bearing coils and sensor to a
sealed box. In this way, no hermetic feedthroughs are used on
the housing for these wires.

FIG. 3 1s a cut-away perspective view of an exemplary
embodiment of a system 3000, which can be a rotating
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machine assembly and/or a compressor assembly, compris-
ing a compressor 3200 that 1s directly mechanically coupled
to a motor 3100, which can define a longitudinal axis X-X
about which at least a portion of motor 3100 and/or compres-
sor 3200 can rotate. A fluid can enter compressor 3200 axially
at mlet I, be compressed by impeller 3250, and/or exit com-
pressor 3200 at discharge D.

Motor 3100 can comprise a longitudinally-extending shaft
3125, which can be supported and/or restrained by back-up
bearings 3110, 3140; radial magnetic bearings 3120, 3130;
and/or thrust bearing 3150. Non-magnetic backup bearings
3110, 3140 can be included to support the shaft when the
magnetic bearings 3120, 3130 are not operating. The gap
between the rotating shaft and the backup bearing 1s typically
about one-half the gap between the stator and rotor of the
magnetic bearing so that mechanical contact between the
stator and rotor of the magnetic bearing does not normally
occur. For some applications, the backup bearing can take the
form of a bushing or sleeve. For higher speed applications, the
backup bearing can be a rolling element bearing such as a ball
bearing. Because of the gap between the inner race of the ball
bearing and the shaft, the ball bearing typically would not
spin unless contact occurs.

Mounted on and/or integral to shait 3125 can be a motor
rotor 3155, which can be surrounded by a housing 3170.
Mounted to and/or on housing 3170 can be control electronic
circuit boards 3160, which can comprise one or more elec-
tronic circuit boards comprised by a magnetic bearing control
system that 1s adapted to control a stifiness and/or damping of
the magnetic bearings.

Although 1n FIG. 3, a single impeller 3250 1s shown
mounted at one end of the shait 3125, 1t 1s possible to con-
struct a machine with multiple impellers. These additional
impellers can be mounted on either end of the shait. The flow
path for the additional impellers can be cascaded 1n a multi-
stage arrangement and/or the tlow paths can be in parallel.

Although a centrifugal compressor 1s shown in FIG. 3 1n
which the flow enters the impeller axially and leaves radially,
other types of compressors, pumps, turbines, and/or fans, etc.,
are possible 1n which the flow enters and/or exits the stage
either predominantly radially, predominantly axially, or some
combination of radially and axially. If there 1s a turbine stage
on the shafit, the electric motor can act as an electric generator,
in which shaft power 1s extracted and converted to electrical
power by the electronics.

Certain exemplary embodiments can be used as a high
speed spindle for grinders and/or other metal cutting
machines; for turntables used 1n semiconductor manufactur-
ing; for precision spindles where only a very low level of
runout 1s acceptable; and/or for other applications requiring,
very precise control of a rotating shatt. For these applications,
the impeller and casing of the impeller can be replaced with
hardware onto which a cutting tool, turntable, and/or other
device can be attached to the shatt.

FIG. 4 1s a perspective view of an exemplary embodiment
of a system 4000, which can comprise motor windings 4100
and/or a stator 4200. Surrounding windings 4100 and/or sta-
tor 4200 can be a housing 4300. One or more channels,
grooves, and/or passages 4400 can be formed at least 1n part
by and/or 1n housing 4300. For example, housing 4300 can
comprise an inner wall 4500 of channels 4400. An outer wall
4700 of channels 4400 can be formed by a mounting collar
4600 and/or by housing 4300. Heat generated by the motor,
windings 4100, and/or stator 4200 can be conducted through
inner channel wall 4500 to a coolant and/or heat transfer
liquid and/or fluid circulating through channels 4400. Heat
generated by control electronic circuit boards 4800 can be
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conducted through outer channel wall 4700 to the same liquid
circulating through channels 4400.

Energy to convey the heat transfer fluid can be provided by
a pump. Heat absorbed by the fluid can be transferred out of
the fluid via a heat exchanger.

Flud tflow can be controlled, directed, and/or guided via
the channel(s) and/or via one or more bailles positioned in,
upstream of, and/or downstream of the channel(s).

Thus, 1n certain exemplary embodiments, the electronics
for controlling performance (e.g., stiflness, damping, etc.) of
the magnetic bearings and/or the rotation (e.g., direction,
speed, etc.) of the electric motor can be integrated with the
clectric motor. The coolant, which can be liquid, can tlow
through helical channels that are machined into the housing.
The outer diameter of these helical channels can be sealed by
a mounting collar, which can have a circular inner diameter
and/or can have flats (facets) machined 1nto 1ts outer surface.
The flats on the outer surface of the mounting collar can allow
flat circuit boards to be mounted thereto. At the inner diameter
ofthese helical channels, heat can be removed from the motor
through the housing. At the outer diameter of these helical
channels, heat can be removed from the electronics through
the mounting collar.

Because of the high rotational speeds and the typical need
for the drive train to exhibit long life for many applications, a
brushless (electronically commutated) motor can be used.
Two possible candidates for this motor are permanent magnet
motors and switched-reluctance motors. Both of these motor
types can operate at high rotational speeds and/or at high
elliciencies.

For a large electric motor, 1t might not be possible to mount
all the circuit boards for control of the electric motor on the
machine due to the size and number of circuit boards that
might be required. Thus, in certain exemplary embodiments,
one or more of the electronic circuit boards for the magnetic
bearings and or the electronic circuit boards for the electric
motor can be mounted 1n a separate enclosure.

Although the coolant channels are shown as helical
grooves, other geometries are possible 1n which the coolant
flows 1n an approximately annular and/or longitudinally-ex-
tending space between the housing and the mounting collar,
and/or within the housing, along a path other than helical. The
coolant space might or might not have batiles to optimally
guide the flow of the coolant. The coolant can enter and/or exit
anywhere along the axial length of this coolant space, includ-
ing the ends and the middle.

Although the helical grooves for the coolant channels are
shown machined into the housing and the mounting collar
serves to seal the channels at their outer diameter, the helical
grooves alternatively can be machined into the mounting
collar and the housing can seal the channels at their inner
diameter.

Although the wiring between the magnetic bearing(s) and
the electronic circuit boards 1s shown to pass through tubes
that are connected to a sealed box, 1n some applications it can
be desirable to use hermetic feedthroughs as the wire exits the
housing, eliminating the tube and the sealed box.

Although the electric drive train 1s shown with 1ts shaft
oriented horizontally, the shait can be oriented vertically.

Thus, certain exemplary embodiments can comprise a sys-
tem comprising a channel adapted to guide a coolant, the
channel bounded at least 1n part by an mner channel wall
defined by a motor housing adapted to substantially surround
a stator of an electric motor, the imnner channel wall adapted to
conduct, to the coolant, heat generated by the stator. The
channel can be bounded at least in part by an outer channel
wall adapted to conduct, to the coolant, heat generated by an
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clectronic circuit board comprised by a bearing control sys-
tem. The bearing control system can be adapted to actively
control a magnetic bearing adapted to levitate a shaft of the
clectric motor. The electric motor can be adapted to be
directly mechanically coupled to a rotating machine. The
shaft can comprise a longitudinal axis about which the shaftis
adapted to rotate.

Note

Still other practical and usetul embodiments will become
readily apparent to those skilled 1n this art from reading the
above-recited detailed description and drawings of certain
exemplary embodiments. It should be understood that numer-
ous variations, modifications, and additional embodiments
are possible, and accordingly, all such variations, modifica-
tions, and embodiments are to be regarded as being within the
spirit and scope of this application.

Thus, regardless of the content of any portion (e.g., title,
field, background, summary, abstract, drawing figure, etc.) of
this application, unless clearly specified to the contrary, such
as via an explicit definition, assertion, or argument, with
respect to any claim, whether of this application and/or any
claim of any application claiming prionity hereto, and
whether originally presented or otherwise:

there 1s no requirement for the inclusion of any particular

described or illustrated characteristic, function, activity,
or element, any particular sequence of activities, or any
particular mterrelationship of elements;

any elements can be integrated, segregated, and/or dupli-

cated;
any activity can be repeated, performed by multiple enti-
ties, and/or performed in multiple jurisdictions; and

any activity or element can be specifically excluded, the
sequence of activities can vary, and/or the interrelation-
ship of elements can vary.

Moreover, when any number or range 1s described herein,
unless clearly stated otherwise, that number or range 1s
approximate. When any range 1s described herein, unless
clearly stated otherwise, that range includes all values therein
and all subranges therein. For example, ifarangeof 1 to 10 1s
described, that range includes all values therebetween, such
as for example, 1.1, 2.5, 3.335, 5, 6.179, 8.9999, etc., and
includes all subranges therebetween, such as for example, 1 to
3.65,2.8t08.14,1.93 10 9, etc.

Any mnformation 1n any material (e.g., a. United States
patent, United States patent application, book, article, etc.)
that has been incorporated by reference herein, 1s only incor-
porated by reference to the extent that no conflict exists
between such information and the other statements and draw-
ings set forth herein. In the event of such conflict, including a
contlict that would render invalid any claim herein or seeking
priority hereto, then any such contlicting information 1n such
incorporated by reference material 1s specifically not incor-
porated by reference herein.

Accordingly, the descriptions and drawings are to be
regarded as 1llustrative 1n nature, and not as restrictive.

What 1s claimed 1s:

1. A system comprising:

an eclectric motor adapted to be directly mechanically
coupled to a rotating machine, said electric motor com-
prising a longitudinal axis about which a shatt of said
motor 1s adapted to rotate, said electric motor compris-
ng:

a bearing control system adapted to actively control a
magnetic bearing adapted to levitate said shait, said
bearing control system comprising an electronic cir-
cuit board;
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a liquid coolant channel adapted to guide a liquid cool-
ant, said liquid coolant channel bounded at least in
part by:
an inner channel wall defined by a motor housing

adapted to substantially surround a stator of said
clectric motor, said mner channel wall adapted to
conduct, to said liquid coolant, heat generated by

said stator; and
an outer channel wall adapted to conduct, to said
liguid coolant, heat generated by said electronic
circuit board, said outer channel wall further
adapted to substantially circumierentially surround
said liquid coolant channel.
2. The system of claim 1, wherein:
said bearing control system 1s adapted to adjust a stifiness
of said magnetic bearing.
3. The system of claim 1, wherein:
said bearing control system 1s adapted to adjust a damping
of said magnetic bearing.
4. The system of claim 1, wherein:
said outer channel wall adapted to conduct, to said liquid
coolant, heat generated by an electronic circuit board
comprised by a rotational control system adapted to
control rotation of said shaft.
5. The system of claim 1, wherein:
said motor 1s electronically commutated.
6. The system of claim 1, wherein:
said shatt 1s adapted to rotate approximately 20,000 revo-
lutions per minute or greater.
7. The system of claim 1, further comprising:
said magnetic bearing.
8. The system of claim 1, further comprising:
a non-magnetic bearing adapted to support said shait when
said magnetic bearing 1s not operating.
9. The system of claim 1, further comprising:
said stator.
10. The system of claim 1, further comprising:
said rotating machine.
11. The system of claim 1, wherein:
said rotating machine 1s a compressor.
12. The system of claim 1, wherein:
said rotating machine comprises multiple impellers.
13. The system of claim 1, wherein:
said rotating machine 1s a fan.
14. The system of claim 1, wherein:
said rotating machine 1s a turbine.
15. The system of claim 1, wherein:
said rotating machine 1s a pump.
16. The system of claim 1, further comprising:

a baffle adapted to be positioned 1n said liquid coolant
channel and adapted to guide flow of said liquid coolant.

17. The system of claim 1, further comprising:

a pump adapted to circulate said liquid coolant.

18. The system of claim 1, further comprising:

a heat exchanger adapted to remove heat from said liquid
coolant.

19. A system comprising:

an electronic circuit board comprised by a bearing control
system, said bearing control system adapted to actively
control a magnetic bearing adapted to levitate a shait of
an electric motor adapted to be directly mechanically
coupled to a rotating machine, said shait comprising a
longitudinal axis about which said shaft 1s adapted to
rotate; and

a liquid coolant channel adapted to guide a liquid coolant,
said liquid coolant channel bounded at least in part by:
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an mnner channel wall defined by a motor housing
adapted to substantially surround a stator of said elec-
tric motor, said inner channel wall adapted to conduct,

to said liquid coolant, heat generated by said stator;
and

an outer channel wall adapted to conduct, to said liquid
coolant, heat generated by said electronic circuit
board, said outer channel wall further adapted to sub-

stantially circumierentially surround said liquid cool-
ant channel.

20. A system comprising:

a liquid coolant channel adapted to guide a liquid coolant,
said liquid coolant channel bounded at least in part by:

an inner channel wall defined by a motor housing
adapted to substantially surround a stator of an elec-
tric motor, said inner channel wall adapted to conduct,

to said liquid coolant, heat generated by said stator;
and

an outer channel wall adapted to conduct, to said liquid
coolant, heat generated by an electronic circuit board
comprised by a bearing control system, said outer
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channel wall further adapted to substantially circum-
ferentially surround said liquid coolant channel, said
bearing control system adapted to actively control a
magnetic bearing adapted to levitate a shaft of said
clectric motor, said electric motor adapted to be
directly mechanically coupled to a rotating machine,
said shait comprising a longitudinal axis about which
said shait 1s adapted to rotate.
21. The system of claim 1, wherein:
said liquid coolant channel 1s substantially helical in shape.
22. The system of claim 1, wherein:
said liquid coolant channel 1s adapted to induce a substan-
tially helical flow pattern in said liquid coolant.
23. The system of claim 1, wherein:
said liquid coolant channel 1s substantially helical in shape
and machined 1nto said inner channel wall.
24. The system of claim 1, wherein:
said liquid coolant channel 1s substantially helical 1n shape
and sealed by a mounting collar comprising said outer
channel wall.
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